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PAPER NO. 13

ON SOME GEOMETRIC PROPERTIES OF HUMAN RIBS-I
Sanford B. Roverts and Ping Heng Chen

School of Engineering and Applied Science
University of California, Los Angeles

ABSTRACT

" The cross-sectional geometric properties of ribs 1 through 8 of
a medium-framed female cadaver specimen were studied. Specifically,
each rib was cut into 10 sections, the exposed cross-sections photo-
graphed, a finite element grid superimposed, and with the aid of a
digital computer, the geometric properties (total area, compact tone
area, centroid, principal axes, principal moments of inertia and
torsional constant) of the compact bone region were determined.
Although most of these quantities exhibit wide variations some trends
do emerge. Of particular significance is a simple germetric consirue-
tion for the location of the centroid and principal axes and the
general result that a thin-walled ellipse is a reasonably accurate model
from vhich the approximate cross-sectional properties may be calculated.

INTRODUCTION

Human ribs can be categorized as "lcng bones,” (Frost 1967). in
that they possess the characteristic structure of a thin cortex of
compact bone surrounding a medullary canal of marrovw and trabecula.

The architecture of long bones (especiaily the femur) and its relation-
ship to the load carrying functior has been studied since the later
part of the 19th century (Evans 1957). There have also been atiempts
at detailed stress analysis with the usual objective of relating the
shape of the compacta end trabecula to a simplifled nction of the stress
and/or strain state under load (Zvuns 1957). In spite of an extensive
history (Evans 1967) of investigations, there do not aprear in the
literatwre any significant studies which provide detailed Quantitative
data on the geometry, especially cross-sectional geometry, of any human
bones. It goes without saying that a meaningful stress analysis (e.g.
Roberts 1970) of the components of the skeletal system under normal or
traumatic conditions is impossible without knowledge of (armong other
thirgs) the geometry. As part of a study of the response of the

L ]
See list of References at end of paper.
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throecic skeleton to dynamic forces, a program aimed at defining the
cross~sectional and global prcperties of human ribs was undertaken.
This is a first report, focusing upon our findings within the cross-
sections of human ribs.

The Judgment was made at the outset that the trabeculs would be
neglected and only the compact bone geometry would be considered.
Since the geometric quantities determined are those necessary for
stress analysis, this decision implies that the compact bone is the
primary load carrying component whereas the contribution of the
cancellous btore is insignificant. Although it aprears intuitively
correct, this hypothesis requires further experimental evidence for
its full Justification.

The information presented herein was obtained by direct observa-
tion and reasurements on the rib cage of an embalmed female cadaver
specinen with an epparent small frame., The cause of death was
coronary vascular arteriosclerosis in June 1965 at age TT.

Observations made on one cadaver specimen are hardly sufficient
to permit drawing general conclusions. We are however, strongly
zcetivated to find conceptually simple unifying principles from vhich
approxirate geometric properties of typical ribs can be constructed.
For exarple, it would be advantageous to be able to make two measure-
ments (say "width' and "depth') at a particular station aleng the
longitudinal axis of a rib and calculate the cross-sectionel properties,
such as location of centroid and principal moments of inertia, without
actually exvosing the internal cross-secticn and making direct
measuremants. Motivated by this objective we have intentionally
flavored this report with vhat appear to te generalizations applicable
to most huz ribs. We trust that a desire on the rart of other
researchers to further substantiate or contradict our hypotheses will
help stimulate the production of a statistically valid collection of
date.

EXPERIMENTAL AND ANALYTIC PROCITJURES

The rib cage from the specimen 6901 was excised, the individual
ribs (designated 6901-Rib Number) sevarated and the superficial soft
tissue was removed. Each rib (except No. 1) was cut into 10 sections
(see Fiz, 1), the cuts being made in a piane arrroxinately normal to
the lcugi<udinal axis of the rib. The longitudinal axis being approxi-
mated by the imapinary line parallel to the- surerior and inferior
berders ernd halfway between them. The interior surface thus exposed is
designated herein &s the rib crcss-section. The cross~section contains
two regions, namely a thin border of corpact borne and an interior
region of cancellous bone and marrow. From the perspective that the
beny thorax is a force transmitting structure, only the compact bone is
ccnsidered effective. Consequently, it is vo it which our atention is
directed. The compact bone region is not easily distinguishable fron
the cancclleous bone irterior. The interior "berder” reguires careful
scrutiny and judrerment for its definition. We found that close
exanination under mapnification, and the reroval of all soft tissue and
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as much cancellous bone as possible is necegsary since it would other-
wise render the border definition extremely difficult.

The exposed cross-sections of each rib were photographed under 10
pover magnification with a scale having 0.0l in. divisions placed
in the field of view and in the plane of the cross-section (¥igs. 2-6)
Tracings of the outline of the compact bone regions were made from the
developed photographs. A neitwork of 36 quadrilateral elements (T2
nodal points) and a cnrtes1an coordinate system describing the geon-
etry of the cross-section* was then superimposed. The coordirates of
each nodal point were scaled and entered as input data into an aug-
mented finite element computer program {Mason 1967} which calculated

8) The cross-sectional area of compact bone (A ) and total
crossesectional area (A )

b) The orientation of the principal axeg (y,2) of inertia

¢} The location of the centroid

¢
] d) The principa) mogents of inertia

Iy = f ysz. I =f 22aa R = Compact bone
R R region

e) The torsional constan. (J), where

2, 2, 28 _, 3¢

Jn./;[y-tzﬂ»yaz-zay]dﬁ\ (1)
2 2

3_9.+a°=0 (2)
2 2

ey 9z

where ¢ = ¢(y,z) = St. Vepant warping function

The calculation of the torsional constant (J) based upon Equations
(1) and (2) and aporopriate boundary conditions assumes, among other
things, that the materiel i{s isotropic in that G, .= G, (G = elastic
shear modulus). Although there is strong evidence (Denpster 1952)
indicating that bone is not isotropic, there is vresently insufficient
information on the dependence of the shear modulus uron orientation
nornal tc the long axis of the bone. This is, at this time it is
reasonable to assume that ze = ny

In addition to the "exact" analysis described above, an approxi-
mate analysis based upon

a) The assumption that the cross-section is a thin-walled
cllipse with cornstant effective thickness (to)

-
Hereinafter the term cross.section will refer to the compact bone
portioh thercof unless otherwise defined,
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®) The use of the actual '"major” and "minor" axes (A,B) measured
along actual prircipal axes, and the ratio of compact bone
to total cross-sectional area A /A,

was carried out.

In a thin-walled elliptic cross-section, using a) above it can
be readily shown that (see Hudson 1917 and Shanley 1957)

A
)“3(“’5)‘m . B= = (3)
€ t
3 3
6h1y = n [3A7 -~ (B-2t ) (A-2t ) )
(&)
6LI = n (3 - (B-Zte)B(A-2tn)]
in aete
J = .
~ n(A-tn)(B-t(.)
e = T
(5)
o= ) Logn o 25

GELEPAL RESULTS

The shape of the thin wall of compact bone in the typlceal ribp
cross-section is more or lcss "elliptic,” 1t can be gualitatively
characterized ty the ratio of the lergths along the "minor" and "major"
princival axes (B/A). Figure T shows a plot of E/A as a function the
nondimensicnal position paraveter (S/L) for ribs €201-3 thru 6901-8.
Obzerve that at .the costochondral junction (S/L=0) the ccnypact tone
shape is somevhat eylirdrical (0.5 € B/A < 0.8). Proceeding pusteriorly
into the shuft resion it immedistely tegins to flatten (0.2<B/A<0.L)
and then gradunlly exvands becoming more “eylindrical" again approach-
ing the angle with maximun values of B/A in the nelghtorhood of the
tubercle.
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THICKNESS OF COMPACT BONE é?

The thiciiness (t) of the compact bone cortex varies both as a
function of S/L and vithin each cross=section without any apparent
pattern in either respuzt, The maximum and minimum values of t where
measured in each cross-section and plotted as a function of S/L. These
curves for ribs 3, 5 and 7 are shown in Figs. 8 to 10, The value of
tmin 18 reasonabiy c(onstant cver the rib length, being on the c.der of
0.01 in. for the three ribs. Hhowever, tpax exhibits extensive excure
sions along the length of anv one particular rib. The peak values are
usually associated with a highly localized thickened region in a cross-
section,

The equivalent thickness {(te) given by Equatior (3) was &lsoc plot-
ted in Figs. 8 to 10. It is interesting to note that te is reasonably
close to the median wall thickness.

PRINCIPAL AXES OF INERTIA AND CENTROID

The calculated location of the centroid (c.g.)" and the orienta-
tion of the principal axes of inertia for spe:imen €901-3 Sections 1,
3, S, 7T and 9 are shown in Figs, £ to 6. HNote that the compact tone
boundary has been exagerated and the principal axes superimposed upon
the actual photdé;hphs of the cross-sections. One observes that the
centroid is approximately at the center of the overall cross-section
and that the minor rrincipal axis is nearly parallel to 4 line connece-~
ting the extremum points, The observation suggests the following con=-
struction procedure for the approximate centroid location and the local
orientation of the principal axes (refer to Fig. 1l).

a) Connect the two points (al and 32) on the extreme superior
and inferior edges by a straight line.

b) Enscribe the cuter boundary with a rectangle havirg sides
parallel and terpendicular to a; - ap.

¢) The intersection ¢f the diasgonals of this rectangle locates
the c.g. and lines through the c.g. parallel end perperdicu-
lar to a) = a,, are the ninor and rajor principal axes
respectively,

The accuracy of this procedure was tested using rits, 63013, §
and 7. The actual c.g. was located and its position cormpared with that
of the upproxirate c.g. (designated c.g'.) by the dimensions 6, and 6;
(Fis. 11), Also, the angular orientation, a of the approxirate trin-
cipal axes (y*' and 2'), with resnect to the actual principal axes
(y,z) vas determined, The relative nagnitudes of these quentitics are
€iven in Table 1. We observe that

(Y

*
Under the assumption that rib compact tone is homogencous we will use
the designations centroid and center of gravity ic.g.) interchar;eably.

407




TABLE 1

$
RIB NO.= ch A 9‘ 6p B
SEC. {in) (in) 4 (in)l  (in) Deg.
3-1 0.010 | 0.LEs 2 06 10,005 | 0,305 7.0
32 0.005 | 0.550 0.90 | 0,002 | 0.135 0.5
3-3 0.002 | 0.550 0.36 ! 0.002 | 0.130 2,0
3L 0,011 | 0,510 2.16 | 0.001 | 0.125 2.0
3-5 0.010 | 0.465 2.06 | 0,010 | 0.175 1.0
3-6 0.010 | O.LkO 2.27 | 0.023 | 0.210 2.0
3-7 0.020 | 0.360 5.55 | 0,004 | 0.210 7.2
3-8 0,012 | 0.375 3.20 { 0.030 | 0.200 5.5
5-1 0,036 | 0,5Ls 5.50 | 0,038 | 0,32 0
5«2 0,010 | 0.580 1.7310.00 0.165 o}
5«3 0.010 | 0,498 2.,0110,00 0.175 bl
5-l 0.035 | 0.k10 8.54 | 0,005 | 0,192 1
5=5 0.030 | 0.378 7.94 | 0,00 0.2L0 1
S=6 0.012 | 0.430 2.79 | 0.012 | 0,235 3
S5e7 0.032 | 0.370 8.65 ] 0.026 | 0,280 3
T-1 0.0L6 | 0.S570 8.10 | 0.020 | 9,280 2.5
7-2 0.008 | 0.6i0 1.30 | o.c10 | 0,210 5.5
7-3 0.028 | 0.530 5.30 | 0,020 | 0.200 4,0
T-4 0,001 | 0,527 1,50 | 0.c17 | 0.200 2.0
| 7-5 0.030 | 0,5us 5.9510.007 | 0,2L0 L.s
7-6 0,060 | 0,520 ] 11.50 0.025 | ©.264 1.5
=7 0.005 | 0.475 1,05 | 0,028 | 0.300 6.0
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6A 68 (o]
- < 128, — < 15%, |a| <20

with the average values for the three ribs being

6
= 5%, |a|avg= 3.5°
avg.

é
= Lg%, _%
avg,

>

Considering the inherent inaccuracies in defining the compnct bone
boundaries, these errors are within acceptable limits.

CROSS-SECTIONAL AREA

The cross-sectional area of compact bone A. (see Figs., 12 to 15)
is reasonably constant over the entire length of each rib (especially
in the shaft) showing significant perturbations only in the tubercle-
neck region and in scme cases at the costochondral Junction, The
value of A, at the costochondral junction (CC.J.) is particularly
difficult to determine due to the indistinct transitioning of cartilage
to bone. 1In particular, ribs 5 and 6 showed extensive ossification at
thic location, thereby giving rise to relatively large values of A..

In the shaft region of a typical rib AL is of the order 0,035 ir.2

The calculated values of A., based upon an elliptic cross-

.Section shape prcduces an excellent approximation. This appears to be

unifornly true except at a fev isolated sections vwherein there is a
sharply indented costal groove,

The ratio of A, to the area of the entire cross-section (A¢) for
ribs 1-8 is shown in Fig. 1€. The average values of A;/A, are
greatest for ribs 1 and 2, (approxirately 60% and 505 respectively)
decreasing with increasing rib number to essentially a coastant 405 in
the shaft region of ribs 5-8. The values at the costochondral junction
of ribs 5«5 ere quite erratic primarily due to the poor definition of
this Junction as an apparent consequence of cartilage ossification,

MOMENTS OF INERTIA AND TORSICNAL CONSTANT

The calculated princiral noments of inertia (I,, I,) and the
torsional constant J are given in Figs. 12 to 15. These quantities
are "second morments' of area and are therefore more sensitive to shape
and thickness variations than is A,, This is exemplified by the lack
of uniforrmity over the length and the rore violent changes. For ribs
3-6 the larrest values occur at the costochondral junction where the
cross section is "flared-out” (BE/A > 0.5), whercas for ribs 7 and 8,
maximum values occur in the tubercle region. Typicel values in the
shaft region {(e.g. for rib 7) are

L L
Iy = 0,0007 in.h. 1z = 0.0002 in. , J s 0,C00S in,
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Surprisingly, the results from the elliptic approximation compare
favorably with the actual values. There are, of course, isclated
regions vherein marked irregularities such as deep costal grocves
{e.g. rib 7 Section 6) produce poor agreenment.

CONCLUSIONS

Ar analysis of the cross-sectional properties of the first 8 ribvs
from a female cadaver has been conducted, We have found that the
quantities studied (t, A;, Ac/Ay, I, Iy, J) show considerable vari-
ation as a function of position along each rib as well as variation
betveen rits., However, it is also clear that at least for this specile
men, certain definite patterns do emerge.

a) The median wall thickness is greatest in the vicinity
of the tubercle,

b) The compact bone region, ¢.g. and principal axes of
inertia can be approximately located by a simple
geometric construction.

c) The compact bone ratio (A./A;) is greatest in ridb 1
decreasing to a relatively ccnstant value of about LOZ
in the shaft regions of ribs 5-8,

d) A1l of the geometric quantities studied possess a
characteristic variation with rib number. That ig, a
decrease from rib )l to a local minimum at rid 3 followed
by an increase to & local maximun at ribs 6 or 7 and
decreasing thereafter,

e) The peometric properties can be calculated with reacconably
good accuracy by assuming the rib cross-section to be a
thinewalled ellipse, provided the major and minor axes
and the compact bone ratios are known.

i

In order to obttain upper-bound estimates of the cross-sectional |’
properties of human ridbs, an analysis similar to that described herein
has been initiated on a large-frared mele specimen. Preliminary
results indicate that values of the various geometric quantities in 1
the shaft regions are approximately 207 higher than those of specimen
6901,
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Figure 1. Pib nomenclature and approximate locatior of cross-sections
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POSTERIOR SPECIMEN €301
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{ HEAD LENGTH(1-10] T @3 IN
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Figure 2. Rib 6991~3 Section 1
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Figure 3. Fib 6901-3 Section 3
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POSTERION SPECIMEN 6901
HEAD LENGTH(1-10) 7.85 IN

TUBERCLE

|

. “.'r;ﬁ;:

/- ANGLE
A7

Section 5 |
$/1=0.392

COSTOCHONDRAL
JUNCTION

Figure L. Rib 6901-3 Section S
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SPECIMEN €901
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JUNCTION

Figure S5, Rib 69013 Section 7
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Figure 6. Rib 6901-3 Section 9
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Figure 12. Cross-sectional properties of ribs 6901-1, 6901-2 vs. S/L
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Figure 14, Cross-sectional properties cf ribs 650l=%, €6901-0 v¥s. S/L
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Figure 15. Cross-sectional properties of ribs 6301-7, 6901-8 vs. S/L
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